Background. Increased levels of oxidized proteins have been reported in the serum of patients with end-stage renal disease, though little is known regarding the oxidized protein content of the dialysate in patients on peritoneal dialysis (PD) and no information is available as to how this may correlate with important clinical and laboratory variables, including abnormal peritoneal membrane function. In this study we attempted to identify oxidized proteins in the dialysate of patients on PD using western blot analysis, and examined the relationship between these proteins and the function of the peritoneal membrane and other clinical and laboratory variables. Methods. Peritoneal dialysate and serum samples were obtained from 18 patients on PD, and western blot analysis using an antibody to oxidized protein was carried out with reprobing for albumin. Oxidized protein/albumin ratios were determined and compared with various clinical and laboratory variables including peritoneal equilibration test results. Results. Oxidized protein/albumin ratios were higher in the dialysate of patients who were high/high average transporters compared to low/low average transporters. Oxidized protein ratios were also found to be higher in the dialysate of patients who had diminished urine output as a reflection of loss of residual renal function. Negative correlations were noted between oxidized protein ratios in the dialysate and serum albumin levels and creatinine clearance. Conclusions. Higher levels of oxidized protein in the dialysate appear to be correlated with high/high average peritoneal membrane transport characteristics and may be related to loss of residual renal function. These preliminary findings suggest that it is plausible that oxidized proteins in the dialysate might play a contributory role in complications including membrane damage and ultrafiltration failure in patients on PD.
Introduction
Patients with end-stage renal disease suffer from enhanced oxidative stress [1] [2] [3] . While lipids are a well-known substrate for oxidation, proteins are also susceptible to oxidative modification with a variety of biological consequences including altered catalytic activity of enzymes, impaired IgG binding, altered protein degradation and others [4] [5] [6] [7] [8] [9] [10] . In addition to increased levels being found in aging and in patients with various inflammatory disorders, oxidized proteins have been identified in the serum of patients with end-stage renal disease [11] [12] [13] [14] and in a manner analogous to oxidized lipids and atherosclerosis, they may serve not only as markers of oxidative stress, but may also contribute to various pathophysiological sequelae [15, 16] . Hence it is plausible that oxidized serum proteins might contribute to atherosclerotic, infectious and other complications seen in end-stage renal disease.
While it is known that the serum of patients with end-stage renal disease contains increased levels of oxidized proteins, for patients on peritoneal dialysis (PD) the dialysate may also be a potential site where oxidized proteins could accumulate [17] and play a pathophysiological role in complications such as impaired ultrafiltration and other abnormalities [18, 19] . Given that oxidized proteins may have adverse structural and functional consequences, as the dialysate dwells in the peritoneal cavity it is plausible that oxidized albumin and other proteins may interact with peritoneal mesothelial cells to initiate events that contribute to the development of ultrafiltration failure and peritoneal fibrosis. Oxidative stress has been demonstrated to play a role in the development of peritoneal membrane hyperpermeability and peritoneal fibrosis in rats [20] . However, little is known regarding the oxidized protein content of dialysate and no information is available as to how this may correlate with important clinical and laboratory variables including peritoneal membrane function. In this study we attempted to identify oxidized proteins in the dialysate of patients on PD using western blot analysis, and examined the relationship between the amounts of these proteins and the function of the peritoneal membrane and other clinical and laboratory variables.
Materials and methods

Patients and data collection
The Institutional Review Board at our hospital approved the study. All 18 of the adult patients in our PD program consented to data collection from chart review and to blood and dialysate sampling. Chart review was carried out and clinical and laboratory data were recorded including the results of peritoneal equilibration testing (PET), kt/V urea, protein catabolic rate (PCR) and creatinine clearance.
Sample collection
Five milliliters of blood was collected in serum separator tubes and the serum was isolated. During the same visit, peritoneal dialysate samples were taken at the time of PET testing following a 4-h dwell with 2 L of 2.5% dextrose dialysis solution (Baxter). The dialysate was centrifuged in 50 mL polypropylene tubes and the supernatant was isolated.
Western blot analysis
Western blot analysis for oxidized protein was performed on blood and dialysate samples as previously described [10, 14, 21] . Protein oxidation results in the formation of carbonyl groups that can be labeled with 2,4-dinitrophenylhydrazine (DNPH) to form stable protein hydrazones and can be identified using highly specific antibodies. Samples of dialysate and serum containing 1.5 µg protein were dissolved in 6% SDS, mixed with an equal volume of 10 mM DNPH and then incubated at room temperature for 15 min. Samples were then incubated with 7.5 µL of neutralization solution (OxyBlot TM , Chemicon, Temecula, CA, USA). Samples and a solution of protein molecular mass markers (Biorad, Hercules, CA, USA) were loaded onto 4-15% acrylamide gradient gels and subjected to SDS-PAGE under reducing conditions (by adding 2-mercaptoethanol to the sample mixture to achieve a final concentration of 0.74 M solution). Proteins were then electrophoretically transferred to nitrocellulose membranes, soaked in PBS-T (PBS, pH 7.2 containing 0.05% Tween 20) and then incubated on a rocker with blocking buffer (PBS-T containing 1% bovine serum albumin). Membranes were then incubated for 1 h with primary antibody (1:150) that is a rabbit antibody that specifically recognizes DNPH bound to oxidized protein (Oncor R ). This antibody does not bind to free DNPH. Membranes were then rinsed twice with PBS-T and then incubated with PBS-T, once for 15 min then twice for 5 min each. Membranes were then incubated with secondary antibody (1:300) that is an HRP-conjugated goat antirabbit IgG for 1 h at room temperature. Membranes were then rinsed and incubated with PBS-T as was done following incubation with primary antibody. This was followed by incubation with ECL chemiluminescent reagent (Perkin-Elmer, Boston, MA, USA) and autoradiographs were produced using the Kodak X-OMAT AR film. In order to control for protein loading, membranes were stripped and reprobed using antibodies to human albumin. Band density was then determined using laser densitometry. For the oxidized protein autoradiographs, the predominant dense band at around 68 kD, corresponding to the molecular mass of albumin, was densitometrically measured. On the albumin autoradiographs, the same band at 68 kD was densitometrically measured. A ratio of the densitometry reading on the oxidized protein autoradiograph to the albumin autoradiograph was then determined for all samples. All experiments were carried out in quadruplicate.
Statistical analyses
Associations between categorical factors (24-h urine volume, PET test results) and continuous factors [oxidized protein/albumin ratio in the dialysate, oxidized protein/albumin ratio in serum, age, years on dialysis, years on PD and dry weight (kg)] were examined using the exact MannWhitney test. The association between 24-h urine volume and PET test result was examined using Fisher's exact test. Spearman correlation coefficients were computed to determine the degree of correlation between dialysate-oxidized protein/albumin ratios and serum-oxidized protein/albumin ratios. Spearman correlation coefficients were also computed for dialysate-and serum-oxidized protein/albumin ratios and each continuous factor to measure the degree of correlation between them. All statistical analyses were performed using the SAS/PC software package (SAS Institute Inc., Cary, NC, USA). P-values < 0.05 were considered statistically significant.
Results
Study population characteristics
Clinical and laboratory data for all patients are summarized in Table 1 . The study group consisted of 18 adult patients 54.9 ± 15.8 years of age who had been on renal replacement therapy for a mean of 4.1 ± 4.4 years (range 0.3-19 years) with time on PD averaging 2.4 ± 1.7 years with a range of 0.3-5 years. Women constituted 44.4% of the group and African Americans, Asians and Caucasians were equally represented and together comprised 83.3% of the population. Two patients were Hispanic and one was Indian. Diabetes mellitus was the cause of renal failure in almost 40% of patients. Sixteen patients were on continuous cycler-assisted peritoneal dialysis (CCPD) while two were on continuous ambulatory peritoneal dialysis (CAPD). Total fill volumes prescribed with the goal of achieving kt/V targets [22] ranged from 10 to 18 L and kt/V urea exceeded 1.7 for all patients. No patient had suffered an episode of peritonitis nor had evidence of any other infection for at least 3 months before the study was conducted. 
Western blot analysis for oxidized protein
The results of western blot analysis for oxidized protein using antibodies specific for DNPH-labeled oxidized protein followed by stripping and reprobing for albumin are summarized in Figure 1 . A range of oxidized protein/albumin densitometric ratios can be seen both for dialysate and serum. For dialysate ( Figure 1A ), densitometric ratios of oxidized protein to albumin averaged 0.89 ± 0.42 with a minimum of 0.46 and maximum of 2.20. For serum ( Figure 1B) , ratios averaged 0.34 ± 0.09 with a range of 0.17-0.50. Figure 2 shows a representative western blot for oxidized protein with reprobing for albumin for the dialysate of all 18 patients.
Relationship between oxidized dialysate protein and peritoneal membrane function
PET test results with characterization of membrane function as high/high average (10 patients) and low/low average (8 patients) and their relationship to dialysate-and serumoxidized protein/albumin ratios and other continuous variables are presented in Table 2 . Subjects with high/high average membranes were found to have higher oxidized Oxidized protein/albumin ratios for dialysate (A) and serum (B) in patients on peritoneal dialysis. Dialysate and serum samples were collected and labelled with 2,4-dinitrophenylhydrazine (DNPH). Samples were then subjected to western blot analysis using an antibody that is highly specific for DNPH-labeled oxidized proteins. Membranes were then stripped and reprobed for albumin. Band density was assessed using laser densitometry and ratios of oxidized protein to albumin were determined for each patient.
protein/albumin ratios in their dialysate compared to patients with low/low average transport properties (1.08 ± 0.46 versus 0.65 ± 0.19, P < 0.01). No such relationship was evident between serum-oxidized protein/albumin ratios and membrane type, nor was there any correlation between oxidized protein/albumin ratios in the dialysate and the serum (r = −0.10). We also calculated ratios of oxidized protein to albumin in dialysate to that in the serum (a ratio of the ratios) and compared these between patients with high/high average and low/low average membranes. These ratios also were higher in the high/high average patients (3.52 ± 1.35 versus 1.89 ± 0.72, P < 0.01). Densitometric ratios of albumin in dialysate compared to serum were also determined and were also found to be higher in high/high average versus low/low average transporters (2.5 ± 0.5 versus 1.71 ± 0.7, P < 0.05), consistent with altered membrane function. There was no correlation between dialysate and serum albumin densitometric readings, suggesting that higher levels of albumin in the dialysate were not a direct consequence of higher levels of albumin in the serum, though direct measurements of albumin in the dialysate were not done. There was no significant Representative western blot for oxidized protein and albumin in the dialysate of patients on peritoneal dialysis. Dialysate samples were collected as described in the Methods section, labeled with 2,4-dinitrophenylhydrazine (DNPH) and subjected to western blot analysis using antibodies highly specific for DNPH-labelled oxidized proteins followed by stripping and reprobing for albumin. association between age, years on dialysis, years on PD and dry weight with PET testing results. There also was no association between 24-h urine volume (<200 mL/day, ≥200 mL/day) and PET test results (data not shown). These findings suggest that greater amounts of oxidized protein in the dialysate are associated with high and high average membrane transport properties.
Oxidized dialysate protein and urine output
The relationship between 24-h urine volume [<200 mL (11 patients), ≥ 200 mL (7 patients)] and oxidized protein/albumin ratios in the dialysate and serum as well as other variables are presented in Table 3 . Those with <200 mL urine output in 24 h had higher ratios of oxidized protein/albumin in the dialysate as compared to those with ≥200 mL urine output in 24 h (1.05 ± 0.46 versus 0.63 ± 0.14, P < 0.02). There was no association between 24-h urine volume and oxidized protein/albumin ratios in serum. Patients with ≥200 mL/day urine output had been on dialysis (both haemodialysis and PD) for relatively fewer years (mean of 2.2 ± 1.8 years) compared to those with <200 mL/day (mean 5.3 ± 5.1 years, P < 0.05). There was no statistically significant relationship between urine output and age, years on PD alone or dry weight. These findings suggest that diminished urine volume is associated with having higher quantities of oxidized protein in the dialysate.
Oxidized dialysate protein and other laboratory and treatment variables
Spearman correlation coefficients were computed to assess the degree of correlation between oxidized protein/albumin ratios in the dialysate and serum with each continuous factor. These results are presented in Table 4 . There was an association between a higher ratio of oxidized protein/albumin in the dialysate and lower serum albumin (P < 0.04), lower 24-h urine volume (P < 0.03) and lower creatinine clearance (P < 0.05). Of note, there was no significant correlation between oxidized protein/albumin ratios in the dialysate with kt/V or total PD fill volumes. With respect to serum-oxidized protein/albumin ratios, higher ratios correlated with lower kt/V (P < 0.04) and lower serum sodium (P < 0.01). There was no correlation with oxidized protein/albumin ratios in the serum and 24-h urine volume or creatinine clearance.
Discussion
The findings in this study demonstrate the presence of oxidized proteins in the dialysate of patients on PD using western blot analysis, and suggest that higher levels of oxidized protein may be correlated with several clinical and laboratory abnormalities. There was an association between higher oxidized protein/albumin ratios in the dialysate and high/high average peritoneal membrane transport properties, diminished urine output, diminished creatinine clearance and lower serum albumin. Patients on PD may eventually develop varying degrees of ultrafiltration failure impairing the ability to achieve satisfactory fluid balance and may eventually result in an inability to continue this mode of renal replacement therapy [23] . The finding of greater amounts of oxidized protein in the dialysate of those patients with high/high average transport properties raises the possibility that increased levels of these proteins might contribute to injury to the peritoneal membrane and promote fibrogenesis and other events that can cause altered solute transport properties. This may take place through interactions of oxidized proteins with components of the peritoneal membrane including mesothelial cells and may result in the activation of signalling pathways that eventually lead to membrane damage and ultrafiltration failure. An alternative hypothesis is that the development of high/high average membrane transport properties is unrelated to the formation of oxidized proteins and their presence in increased quantities is an epiphenomenon. Given our small sample size and the design of our study, however, this must be regarded as speculative at present pending further studies.
The ratios of oxidized protein to albumin were higher in the dialysate compared to serum suggesting a number of possibilities. Altered membrane transport of protein alone should not account for higher ratios and this suggests that proteins that have moved from the plasma to the dialysate might be undergoing oxidative modification within the peritoneal cavity itself in addition to some proteins that were oxidized in the serum and then entered the peritoneal cavity. This could be taking place because of a number of factors. As discussed further below, there may be variables present within the peritoneal cavity and dialysate including prooxidant effects of the dialysis fluid [17] that favour oxidative modification of proteins, and it is also plausible that in serum, the presence of antioxidant mechanisms may tend to suppress the formation of oxidized proteins and these mechanisms may be less active or inactive in the peritoneal cavity. While our findings may be suggestive of the generation of oxidized protein within the peritoneal cavity, changes in membrane properties could also affect the transport of albumin across the peritoneal membrane given that having a larger proportion of large pores in the setting of high and high average membrane transport properties may result in a change in the handling of oxidized proteins. If increased generation of oxidized protein in the peritoneal cavity were the main factor determining higher oxidized protein to albumin ratios in the dialysate, this would also suggest that these proteins could play a causative role in membrane damage and a consequent change in transport properties. Our study was limited by several factors including using a single sampling time point for dialysate testing and we plan further studies that will include time course measurements among other analyses to better define this process. We also found that taking ratios of oxidized protein to albumin ratios in dialysate to that of oxidized protein to albumin in the serum (a ratio of the ratio) also yielded higher values in patients with high/high average versus low/low average membrane transport properties. This finding suggests that the incremental increase in the oxidized protein to albumin ratio is an important factor in patients with high/high average type membranes, though a causative relationship cannot yet be determined.
Other factors could potentially contribute to the appearance of oxidized protein in the dialysate. One plausible factor might be the dosage of dialysis delivered, meaning that better dialyzed PD patients might suffer less of an inflammatory state and hence a lessened propensity to form oxidized proteins. As summarized in Table 4 , we found that decreased urine volume as a measure of residual renal function and decreased creatinine clearance were both correlated with higher levels of oxidized protein in the dialysate. Similarly, we found that oxidized protein to albumin ratios in the serum were negatively correlated with kt/V. It is known that there are multiple systemic correlates of loss of residual renal function including its ability to predict mortality [24] and an apparently more rapid decline in ultrafiltration capacity in patients on automated PD [25] . Also of note, Lameire et al. have reported that plasma levels of oxidized proteins are lower in patients on PD [26] and, given that patients on PD are more likely to maintain some degree of residual renal function compared to those on haemodialysis, this also suggests that residual renal function may bear some relationship to oxidized protein generation. While our small sample size could account for discrepancies between dialysate and serum findings, these results nevertheless suggest a correlation between higher levels of oxidized proteins and uraemic toxicity.
Also of note, we found that higher oxidized protein levels in the dialysate demonstrated a negative correlation with serum albumin levels. This finding appears to be consistent with prior demonstrations of a relationship between hypoalbuminaemia, oxidative stress and inflammation in haemodialysis patients [27] . However, it is plausible that this could simply be the result of mathematical coupling as patients with higher serum albumin levels would be expected to have higher dialysate albumin levels, hence making the ratios lower. We did not find a correlation between serum and dialysate albumin levels making this explanation somewhat less likely, though further study is needed.
How oxidation reactions may occur within the peritoneal cavity of patients on PD and how this may affect the development of peritoneal fibrosis has been the subject of several investigations, and evaluating the role of oxidative stress by means of deoxycholate and other methods have provided substantial insights [28] [29] [30] [31] [32] . Glucose and the formation of glucose degradation products (GDPs) and advanced glycation end products (AGEs) that interact with the receptor for AGE (RAGE) likely have an important contributions as well via enhanced oxidative stress and other mechanisms [33] [34] [35] [36] [37] [38] [39] [40] . Further evidence supporting a role of oxidant stress in peritoneal membrane fibrosis and hyperpermeability comes from studies demonstrating reversal of these changes with the antioxidant N-acetylcysteine and angiotensin II receptor blocker treatment [20] . In addition, administration of the oxidant stress inhibitor trimethazidine has been shown to decrease levels of vascular endothelial growth factor and the activity of glutathione reductase and to decrease peritoneal membrane thickness in a rat model [41] . These findings raise the question of whether antioxidant therapy might ameliorate the formation of oxidized proteins in the dialysate and limit the development of peritoneal damage. However, it is unknown whether in humans the administration of antioxidants could lessen the formation of oxidized proteins in the dialysate or whether this would diminish the likelihood of developing peritoneal membrane ultrafiltration failure.
In addition to the importance of determining the mechanism of oxidized protein generation, further studies will need to address a more precise quantitation of protein oxidation in terms of the percentage of proteins that are modified. In our study the ratios themselves do not provide an absolute quantitation of how much protein oxidation took place. However, data from our prior work as well as work of others might provide some insights. In a prior study [14] we reported increased oxidized IgG in the serum of patients on haemodialysis. In that study, we found on average nearly a doubling in the oxidized protein content of the IgG in these patients compared to controls. It has been estimated that a basal level of protein oxidation in healthy individuals represents oxidative modification of ∼10% of all proteins [42] and hence a doubling could represent ∼20% or so of proteins being oxidatively modified. Hence if a doubling of protein oxidation were to take place in patients on PD then perhaps 20% or so of their serum proteins may have undergone oxidative modification. There is no control available for dialysate as all samples were of course from patients with end-stage renal disease on PD in the present study; though we could probably estimate that the percentage of protein oxidation there was even higher, though at present this is speculative.
In summary, oxidized protein can be identified in the dialysate of patients on PD using western blot analysis. Higher dialysate-oxidized protein content appears to correlate with high/high average membrane transport properties, loss of residual renal function, lower serum albumin levels and lower creatinine clearance. These preliminary findings suggest the possibility that there may be a relationship between oxidized proteins in dialysate and the development of impaired membrane function in patients on PD.
